Respiratory infections are a major cause of morbidity and mortality for humans, and most of these infections are caused by respiratory viruses.[@JR01226-1] Between 1997 and 2015, several unprecedented epizootic avian influenza viruses (e.g., H5N1, H7N9, and H10N8) crossed the species barrier to cause human death.[@JR01226-2] [@JR01226-3] [@JR01226-4] [@JR01226-5] [@JR01226-6] From severe acute respiratory syndrome coronavirus (SARS-CoV) to recent Middle East respiratory syndrome coronavirus (MERS-CoV), coronaviruses also pose a major threat to medical and public health systems.[@JR01226-7] Moreover, human adenovirus-14, human metapneumovirus, enterovirus D68, bunyaviruses, and common respiratory viruses (respiratory syncytial virus, parainfluenza viruses, rhinoviruses, and human influenza) are all gangsters of respiratory disease.[@JR01226-1] [@JR01226-8] The continual emergence of these new and reemerging viral threats emphasizes the unpredictability of these pathogens, and brings challenges to the development of control strategies.

Although vaccination remains a milestone for the prevention of viral infections, a homologous vaccine was not available during the first pandemic wave of most newly emerging viruses.[@JR01226-9] [@BR01226-10] Furthermore, continuous antigenic drifting and antigenic shifting of virus can lead to the escape of recognition by immune system and inefficacy to protect the host from a novel antigenic variant.[@JR01226-11] Thus, antivirals with novel pharmacological activities are highly needed. Several antiviral agents have been developed. Some of the agents are undergoing clinical trials and some are at different stages of preclinical development, but the vast majority have not yet been approved for clinical use.[@JR01226-12] [@JR01226-13] Several challenges have blocked the development of these antivirals as well as its application.[@JR01226-13] In this review, we focus on the problems and prospects of these antivirals which were developed to control the newly emerging and reemerging respiratory viruses with pandemic potential.

Diagnostics and Measurements of Virus in the Development of Antivirals
======================================================================

A respiratory viral infection is difficult to differentiate from other respiratory viral infections by clinical symptoms alone.[@JR01226-14] [@JR01226-15] Thus, a rapid and reliable laboratory diagnostic result is required before clinical therapy. For the rapid viral antigen detection tests, traditional solid-phase immunoassay and immunofluorescence have a moderate sensitivity.[@JR01226-15] [@JR01226-16] But their specificities to low prevalence disease are limited. The viral diagnostics were significantly promoted by the development of nucleic acids amplification techniques (NAAT).[@BR01226-10] [@JR01226-15] This method enables the detection of low concentrations of viral nucleic acid.[@JR01226-15] Moreover, NAAT are the only available method for most newly emerging respiratory viruses as traditional tests lack efficient cell-culture system or antigen detection methods.[@JR01226-17] Currently, automated and multiplex NAAT have been developed to make it easier to obtain laboratory diagnostic results.[@JR01226-18] These techniques are anticipated to be used for the cost-effective assessment of the antivirals for respiratory virus.

The Targets of Antivirals in Viral Replication Cycle
====================================================

A series of antivirals have been discovered and developed to control the respiratory virus infection. Some of these agents target the essential steps of viral infection, including viral attachment, endocytosis, replication, assembly, budding, and release ([Fig. 1](#FI01226-1){ref-type="fig"}). The others directly target the virus or the intracellular pathway essential for viral replication.
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Viral Attachment Inhibitory
---------------------------

The attachment process is a critical step for viruses to gain entry into cells; blocking the interactions between viral-specific surface proteins and cell-receptors is a promising strategy in developing novel antivirals.[@JR01226-19] The sialidase and amphiregulin glycosaminoglycan recombinant construct DAS181 (Fludase®, Ansun Biopharma Inc., San Diego, CA), can hydrolyze both α2,3- and α2,6-linked sialic acid receptors on the respiratory epithelium cell surface.[@JR01226-20] Thus, it can efficiently block the attachment of human and avian influenza virus.[@JR01226-21] DAS181 have been confirmed to have antiviral activity on H1N1, H3N2, and H5N1 both in vitro and in vivo.[@JR01226-21] Moreover, a phase II clinical trial confirmed DAS181 can significantly reduce viral load and viral shedding, compared with the placebo group (*p* = 0.002 and *p* = 0.006 for the multiple-dose and single-dose groups, respectively).[@JR01226-22] DAS181 is advancing in clinical development now, with prospects for treatment in human and avian influenza infections. N-(2-aminoethyl)-1-aziridine-ethanamine (NAAE) is a small molecule which inhibits interactions between the SARS-Cov spike protein and its cell surface receptor, angiotensin converting enzyme 2 (ACE2).[@JR01226-23] However, inhibition of ACE2 by NAAE also has a potential risk for hypertension.[@JR01226-24] Hence, if the viral receptor is also important to cell function, agents that utilize this mechanism might cause side effects to the host too.

Several human monoclonal antibodies have been developed to block the viral attachment to cells. The human monoclonal antibody CR6261 can protect ferrets 100% from lethal challenges from the highly pathogenic avian H5N1 virus with both prophylactic and therapeutic administration, compared with 20% survival in the control group (*p* \< 0.001).[@JR01226-25] Motavizumab and palivizumab have been confirmed to prevent participants from respiratory syncytial virus infection.[@JR01226-26] [@JR01226-27] But an independent clinical trial showed that motavizumab treatment has no effect on the duration of hospitalization, severity of illness measures, or wheezing episodes at 12-month follow-up among children infected with respiratory syncytial virus, when compared with placebo treatment.[@JR01226-28] Despite the inconsistent clinical data to human monoclonal antibodies, the high costs of these biologics can also be a formidable problem to the therapy of these infections.[@JR01226-29]

Viral Endocytosis Inhibitor
---------------------------

Pharmacologic inhibition of the endocytosis process of viral envelope with cell membrane is also a promising strategy to develop antivirals.[@JR01226-30] The endocytosis process of respiratory virus can be subdivided into three steps: internalization, fusion, and uncoating.[@JR01226-31] And the inhibition of this process can be achieved through the following mechanisms: (1) blocking the pathways that facilitate viral internalization; (2) suppression of acidification in the endosome; (3) reducing membrane curvature and fluidity; (4) interfering with the conformational changes of viral protein required for fusion; and (5) viral uncoating inhibition. Numerous broad-spectrum antivirals have been developed for these purposes.[@JR01226-32]

Both dynamin-dependent and dynamin-independent pathways are considered as the routes of influenza cell internalization.[@JR01226-33] The inhibitors to these pathway including Cytochalasin B and D, jasplakinolide, and latruncul A are all specific inhibitors to the internalization of influenza.[@JR01226-34] There are accumulated evidence to confirm that activation of PI3K promotes virus internalization.[@JR01226-35] The interplay of influenza virus and receptor tyrosine kinases (RTKs) of host cell can promote this pathway and facilitate viral uptake.[@JR01226-36] However, one should be cautious about potential benefit of RTK inhibitors as potential antiviral agents, as a limited number of RTKs can be manipulated by chemical inhibitors or siRNAs at the same time.[@JR01226-36]

For most enveloped viruses, the low-pH environment of endosome is not only triggers the fusion between endosomes and virions, but also causes dissociation of viral ribonucleoprotein complexes (vRNPs) from the capsid, which allows for its subsequent import into the nucleus and the start of viral replication.[@JR01226-37] [@JR01226-38] Thus, blocking endosomal acidification can also interfere with viral infection. Saliphenylhalamide, concanamycin A, archazolid B, diphyllin, and bafilomycin A1 are all endosomal acidification inhibitors which may abrogate influenza viral infection through inhibiting cellular vacuolar ATPase (vATPase) or vacuolar-type proton (V-H^+^) pump of endosome.[@JR01226-39] [@JR01226-40] [@JR01226-41] Among them, saliphenylhalamide (SaliPhe) can effectively inhibit several wild type of influenza viruses, including pandemic swine-origin influenza virus, highly pathogenic H5N1 avian influenza virus, and oseltamivir-resistant seasonal H1N1 influenza virus.[@JR01226-41] Moreover, it protected 62.5% of mice against a lethal challenge of a mouse-adapted influenza strain.[@JR01226-41] Thus, these endosomal acidification inhibitors with even better selective indices may become candidates for the treatment of viral infections in the future.

Membrane curvature and fluidity is critical for viral-endosomal membrane fusion.[@JR01226-42] LJ001 is a lipophilic thiazolidine derivative that inhibits membrane curvature and fluidity by O~2~-mediated lipid oxidation, and LJ001 exhibits broad-spectrum antiviral activity against enveloped viruses, including influenza virus, bunyaviruses, Ebola and Rift Valley fever viruses, HIV-1, and so on.[@JR01226-43] LJ001 has led to a new class of membrane-targeted photosensitizers (oxazolidine-2,4-dithiones) with increased potencies in antiviral research.

Arbidol is another broad-spectrum antiviral with antifusion activity by stabilizing the surface glycoprotein of influenza virus (hemagglutinin, HA) in a low-pH form.[@JR01226-44] This agent has proved to be active against several subtypes of avian influenzas, such as H5N1, H9N2, H2N2, and H6N1 in vitro.[@JR01226-2] [@JR01226-44] [@JR01226-45] [@JR01226-46] GS-5806 and MDT-637 are all small-molecule inhibitors that interfere with RSV fusion through interaction with the F protein of respiratory syncytial virus, and some of them are now in phase I development.[@JR01226-47] [@JR01226-48] It should be noted that the entry of several highly pathogenic viruses (such as SARS-Cov and Ebola virus) into host cells depends on cathepsin L to facilitate the fusion of viral envelope and cellular membrane after viral attachment.[@JR01226-49] Thus, small molecules to prevent cathepsin L cleavage would be anticipated to ameliorate severe respiratory viral infection.[@JR01226-49]

There are also agents targeted to the uncoating process.[@JR01226-50] This process of influenza requires coordinated action of the viral proteins M2 and M1.[@JR01226-50] M2 is a tetramer presented in virions possessing selective H^+^ ion-channel activity that allows for the uncoating of virus particles in the endosome.[@JR01226-50] [@JR01226-51] There are two commercially available M2 inhibitors, amantadine and rimantadine, which have been widely used in the treatment of both human and avian influenza infections for many years. Unfortunately, most of the current human and avian influenza viruses are amantadine- or rimantadine-resistant due to drug overuse.[@JR01226-52] [@JR01226-53] [@JR01226-54] However, Wang et al offer a glimmer of hope to the development of M2 inhibitors.[@JR01226-55] They discovered a novel M2 proton channel inhibitor which is effective against both the wild-type and the most prevalent drug-resistant mutant (S31N) from influenza A virus.

Viral Replication Inhibitor
---------------------------

As RNA polymerase is essential for the replication of RNA viruses, an inhibitor specific for viral RNA polymerase would exhibit antiviral activity and does not affect mRNA synthesis or protein translation of the host cells.[@JR01226-56] Favipiravir (T705) is one of these agents; it can selectively inhibit the viral RNA polymerase of several influenza strains, respiratory syncytial virus, and Ebola virus.[@JR01226-57] [@JR01226-58] Moreover, favipiravir was effective in protecting mice from the lethal infection of highly pathogenic influenza H5N1 virus.[@JR01226-59] It is now in phase II clinical trials in the United States. Novel compounds (such as THC19, ASN2, etc.) have been developed to inhibit the polymerase of influenza viruses.[@JR01226-60] Moreover, inhibitors such as BCX4430, ALS-8176, and JMN3--003 exhibit broad-spectrum antiviral activity against various respiratory viruses, including influenza viruses, respiratory syncytial virus, paramyxoviruses, coronaviruses, and bunyaviruses.[@JR01226-61] [@JR01226-62] [@JR01226-63] That makes them particularly attractive to researchers.

The target of ribavirin is inosine 5′-monophosphate (IMP) dehydrogenase involved in viral RNA synthesis and cellular biosynthesis of GTP.[@JR01226-64] Ribavirin exhibits efficient anti-H5N1 avian influenza activity in vitro with IC50 ranging from 6 to 22 μmol/L.[@JR01226-65] Treatment with ribavirin at 75 mg·kg^−1^·d^−1^ (po, bid × 8 d) protected 70% of mice from lethal H5N1 infection.[@JR01226-65] [@JR01226-66] However, the clinical efficacy of ribavirin toward influenza was limited by the mode of delivery.[@JR01226-67] Aerosolized ribavirin exhibits effective inhibitory activity against both influenza viruses and respiratory syncytial viruses in clinical observations, while orally administered ribavirin did not.[@JR01226-67] Moreover, the clinical utility of ribavirin is restrained by the risk of hemolytic anemia and teratogenicity.[@JR01226-64] A prodrug of ribavirin, viramidine, is anticipated to solve these problems.[@JR01226-68] This prodrug has a similar antiviral activity as ribavirin but is less toxic. This drug is now in Phase III development for hepatitis C virus (HCV) treatment.[@JR01226-68]

Dihydroorotate dehydrogenase (DHODH) is a key enzyme essential for replication of both viral RNA and DNA by the biosynthesis of de novo pyrimidine to generate uracil.[@JR01226-69] Inhibitors (such as compound A3, D282, etc.) targeting DHODH have been found to inhibit the replication of both RNA and DNA respiratory viruses (such as influenza virus and adenovirus).[@JR01226-70] [@JR01226-71]

Proteases or proteinases of virus are also the attractive targets for the development of antiviral agents.[@JR01226-7] [@JR01226-72] The papain-like protease (PLP) is the nsp3 protein which takes part in the formation of the ORF1a polyprotein during the SARS-CoV replication.[@JR01226-73] NSC158362, an nsp3-dependent protease inhibitor, has exhibited antireplication acitivity against SARS-CoV, but not for influenza virus in vitro.[@JR01226-74] Helicases of virus are proteins to unpackage the duplex oligonucleotides into single strands.[@JR01226-75] Bananin and SSYA10--001 are helicase inhibitors which have been confirmed to be efficient inhibitors against the SARS-CoV replication in vitro with IC50 values in the range 0.5 to 3 μM.[@JR01226-76] [@JR01226-77]

Viral Assembly, Budding and Release Inhibitor
---------------------------------------------

Since several respiratory viruses replicate their genome in the nucleus of infected cells, their newly synthesized vRNA, together with RNA polymerase, and nucleoprotein, in the form of vRNPs, have to export to the cytoplasm before assembly.[@JR01226-78] [@JR01226-79] This process depends on a series of pathways, such as a Crm1-dependent pathway.[@JR01226-80] Leptomycin B is a potent inhibitor of Crm1-mediated export, and leptomycin B treatment can lead to a decrease in the export of influenza A vRNPs from the nucleus.[@JR01226-80] However, leptomycin B is toxic in vivo, which limits its further therapeutic use.[@JR01226-81] Verdinexor is a novel selective vRNP-exportation inhibitor targeted to the Crm-1 homolog exportin-1, and verdinexor effectively inhibits the replication of various influenza stains, including pandemic H1N1 influenza virus, highly pathogenic H5N1 and newly emerged H7N9 avian influenza viruses.[@JR01226-81] Moreover, both prophylactic and therapeutic administration of verdinexor can effectively protect mice from influenza infections.[@JR01226-81] Thus, verdinexor is a promising candidate which deserves further clinical investigation.

Nitazoxanide is an approved antiparasitic agent which can also prevent the HA transport of influenza virus to cell surface by interfering HA trafficking between endoplasmic reticulum and the Golgi complex.[@JR01226-82] Moreover, nitazoxanide is confirmed to be a broad-spectrum antiviral against both RNA and DNA viruses in vitro.[@JR01226-83] Currently, nitazoxanide is in clinical development for the treatment of influenza.

The influenza virus budding event is initiated by the deformation of the membrane caused by the clustering of HA and NA.[@JR01226-79] Then, M1 binds to the cytoplasmic tails of HA and NA and recruits the vRNPs and M2 to form the interior structure of the emerging virion at the site of virus budding.[@JR01226-79] Subsequently, M2 alters the membrane curvature at the neck of the budding virus to cause membrane scission and initiate the release of the progeny virion.[@JR01226-79] Thus, M2 inhibitors mentioned above may also inhibit the budding of influenza virus. Cyclophilin inhibitors such as Cyclosporin A can also inhibit the propagation of influenza virus by interfering the assembly or budding of influenza virus besides interfering with viral RNA synthesis in A549 cells.[@JR01226-84] [@JR01226-85]

In the final release process of influenza virus, NA enables progeny virus to be cleaved from its receptor and spread to other cells.[@JR01226-86] Thus, the NA inhibitors can prevent the influenza from spreading further by blocking the release of progeny virion.[@JR01226-87] Four commercial NA inhibitors (oseltamivir, zanamivir, peramivir, and laninamivir) have been approved for use in humans.[@JR01226-2] Among these NA inhibitors, laninamivir has an extremely long persisting time in the lungs, increasing the prospect of the long-acting antiviral that can effectively prevent influenza infection with a single dose.[@JR01226-88] The emergence of NA-inhibitor-resistant influenza strains can be a substantial challenge to antiviral therapy in the future.[@JR01226-89] Although there is no direct evidence to confirm that the development of resistance have correlations to the wide use of oseltamivir, the resistant viruses would acquire more chances of transmissibility under drug-selection pressure compared with the drug-sensitive strains.[@JR01226-11]

Signal-Transduction Inhibitors
------------------------------

Aside from agents that directly target viral proteins, current antiviral strategies also focus on the intracellular pathways essential for viral replication.[@JR01226-90] [@JR01226-91] The NF-κB, Raf/MEK/ERK, PI3K/Akt, or PKC signaling pathways might be promising targets for antiviral approaches.[@JR01226-90] [@JR01226-91] [@JR01226-92] [@JR01226-93] Since these pathways are also critical for cytokine and interferon synthesis during viral infection, inhibitors targeting these cascades may inhibit not only viral replication, but also the subsequent inflammation of viral infection.[@JR01226-90] [@JR01226-91] Moreover, compounds for these targets have an extremely low risk of emergence of drug-resistant variants.[@JR01226-90] [@JR01226-91] [@JR01226-92] [@JR01226-93] Thus, inhibitors of intracellular pathways are promising candidates as treatment against respiratory viruses, and further development should be pursued.

Herbs
-----

Herbs may also be a potential choice for patients hospitalized with respiratory viruses. Several Chinese herbal prescriptions were recommended and authorized by the Chinese government during the 2004 SARS-CoV, 2009 H1N1 influenza, and 2013 H7N9 avian influenza pandemics.[@OR01226-94] [@OR01226-95] These herbal prescriptions commonly contain herbal medicines including *Isatis tinctoria* L., *Lonicera japonica* Thunb., *Saposhnikovia divaricata* (Turcz) Schischek, *Bupleurum chinense* DC., *Forsythia suspensa* (Thunb.) Vahl, and *Citrus reticulata* Blanco,[@OR01226-94] [@OR01226-95] which are considered to have heat-clearing and detoxifying properties according to the theoretical system of Traditional Chinese Medicine. The antiviral mechanism of these herbal medicines has not been fully elucidated; however, some data suggest that the active components exhibit actual antiviral activity.[@JR01226-96] [@OR01226-97] [@JR01226-98] [@JR01226-99] Additionally, we have reported that extracts from Jiawei-Yupingfeng-Tang, a traditional Chinese herbal formula, exhibit antirespiratory viral activity.[@JR01226-100] We also have confirmed that a green tea--derived polyphenol, epigallocatechin gallate (EGCG) can inhibit influenza virus by its antioxidant activity.[@JR01226-101] These data suggest that herbal medicine may be a reservoir for antiviral development. Nevertheless, the current confirmation of herbal therapy is still insufficient owing to a lack of data from randomized and controlled clinical trials.

Conclusion
==========

Persistent outbreaks of respiratory viral infections all over the world suggest that respiratory viral pathogens continue to be the most important threats to human health. Because of the the similarity of clinical symptoms to respiratory viral infections, rapid and sensitive diagnoses are essential for early viral identification and subsequently cost-effective monitoring of antivirals in clinical trials. The automated and multiplex NAAT may help to solve these problems, and this method is anticipated to generalize its applications in the future. There are still many challenges and unanswered questions about the development of antivirals. Several potent agents have been developed to target viral proteins or cellular factors essential for virus replication. However, they generally have yet to pass through clinical trials to show antiviral evidence in humans. On the other hand, the existing antiviral therapies also face the challenges of drug resistance and nonspecific side effects. Therefore, there is an urgent need for novel drugs and combination therapies. Efforts should be made to design and develop new antivirals that specifically target the basic steps of viral life cycle, including attachment, endocytosis, replication, assembly, budding, release, and cellular processes. The efficacy, viral resistance, mutual effect, and toxicity of combined usage of antivirals need to be clarified.
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